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SUMMARY

COMBUSTOR

An investigationwasconduotedinordertostudytheeffeots
ofchangesinfuel-nozzleoarbondepositiononthecombustion&fi-
cIenoyd & singletubular-t-,reverse-flow,turboJetmmbustor.
Thisinvestigationwasconductedbecauseoftheneedtoimprovethe
reproducibilityofcombustiondataforfuel-researchpurposes.The
inlet-airoondltionss3mulatedoperation& a singletubular-type
combustorofa turboJetengineintherangeafaltitudesfmm
20,000to45,000feetandtherangeofenginespeedsfmm 10,000to
15,000rpn.

Ata givenoonibustor-inletcondition,thetempratmerise
obtainedwitha cleanfuelnozzlewasobservedto i.noreaseafter
operationoftheccunbustoratothersimulatedaltitudeconditions.
Thisincrease‘intemperaturerisemied frcm5650F atlowheat
inputs~to30°F athighheatinputs.RemovalM themrbondeposit
fmm thefuelnozzlepermittedreproduotfond theoriginaltem-
peraturerise. Shieldingthefuel-nozzlebodyfmm theoanbustion
zonepreventedthedepositionafoarbononthenozzleatthecondi-
tionsinvestigatedandtiprovedthereproducibility& temperature-
risedata.

Inordertosimulatethedepositionatcarbon,thedesignof
theoriginalfuelnozzlewasmodifiedtoincludea divergentseo-
tionattheexitofthefuelortiioe.Thischameinfuel-nozzle
designincreasedthecombustionefficiencyat
ditbninvestigated.

INTROJXJCTION

Intheoperationofsingletubular-t~,
Jetocmbustorsforfuel-evaluationstudiesat

reveme-flow,turbo-
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oult.Atoombustor-inlet-airconditions
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combustiondatawasdlffi-
equivalenttocertain

altitudeoperatingconditionsoftheengine,thespreadIndata
betweentheinitialandcheekrunswasattimesasgreatorgreater
thanthechangeIndataprohmd byanexperimentalvariable.This
spreadindatawasduetoanInm’easeInccmbuetortemperature
rise;theincreasevariedwithcombustoroperatingtime,withoper-
atingconditions,andwiththecompositionofthefuel.Although
thisincreaseInccmbustortemperatureriseisdesirableInservice,
theuncertaintyinresearohworkmadeitclifficulttoanalyzeaocu-
ratelythee~rimentaldata.FromWeviousexperience,mrbon
depositiononthefuelnozzlewassuspeotedtoberespmsiblefor
thechangeinmmbustortemperaturerise.

Accordingly,twoproJectswereundertaken:(1)improvement
afthereproducibilityd tempeu?ature-risedatabypreventingthe
de~itionofc=bononthefuelnozzle(forthisMose, the
ocmibustorwasmodifiedbytheInstallationofa shieldoverthe
fuelnozzle);(2)Iqa.’ovanentofoombuetion#fioienoybymodMy-
ingthefuelnozzleinorderto includea simulatedc=bondeposi-
tion. Ccmbustlondatafrcma singletubular-typeccmibustoroper-
atingatseveralsImulated-altitudeengfneconditions withand
withoutthefuel-nozzleshieldandwithandwitkoutthemodified
fuelnozzlearepresented.

AEPJ+RATUS

CX&mstorandInstrumentation.-A sin@etubular-type,
reverse-flowcombustorandservioefuelnozzlesofa turbojet
enginewereusedforthisinvestigatIon.Theservicefuelnozzles
wereratedaa21.S-gallon-per-hour,hollow-mne,800-spray-angle
nozzles.

Thelaboratoryoombusticm-airandexhaustfaoilitleswere
regulatedbyapprowiateequi~ntInordertoobtainthedesired

, cambustorinlet-airconditions.Theairmassflowwaameasuredby
a thin-plateorifice.Thetanperatureandtotalpressureofthe
combustor-inletalrweremeasuredbyaniron-oonstsntanthermo-
coupleanda total-pressurerake,respeotivel.y.Thetemperature
oftheccmbustor-outletgaseswasmeasuredbytheninechrunel-
alumelthermocouplesthatwerelocatedintheccmbustor-outlet
elbowata positionapproximatelyequivalenttotheturbineinlet
oftheengine.A sketchofthecombustor,theinletandoutlet
ducting,andtheinstrumentationisshowninfigure1.

.
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A calibratedrotemeterw usedtodetezzdnetheflowd the
AN-F-32fuelusedinthisinvestigation.

Fuel-nozzleshield.-Theconslhnzotionandadaptationofthe
fuel-nozzleshieldtotheconibustordomeisshowninfigure2.
SheetIhconelwaaformedina conoaveshapeendtrhmedtothe
dimensionsshown.Afterweldingthisconcaveshieldtothefuel-
nozzlesheathoftheccuibustordome,a smallholewaslooatedon
thecenterllne.Thisholewasgraduallyenlarged,usinga
1/2-inohby 100°countersinkuntilbytrial.thefuelspr~ Just
clearedtheshieldatthemaximumfuelfloweqwrhed.

Withthisdevice,theairenteringtheconibustorthroughthe
annulussurroundingthefuel-nozzleadapterfollowsthecentour
ofthefuel-nozzlebodyandemergesalongsidethefuel-s~ oone.
Thefuel-airmixtureisthuspreventedfromcontactingthefuel
nozzle.

.

McMfiedfuelnozzle.-Frana studyofthevariousoarbon
formationsonfuelnozzles,thosedepositsthatwereina psltion
tobecontactedbythefuel-sprayconewerefoundtobeeffective
inincreasingthecombustortemperaturerise.Jhmdertosimulate
theshapeofthecarbondeposit,thedestgnofthefuelnozzlewas
modtiiedtoinoludea divergentsectionattheexitofthefuel
orifiae.Althoughseveraldesignsofdivergentseotionswere
studied,theoptimumdesi~foranyspeotiioinstallationhasnot
beendetermined.Thedetailsofthisdivergentsection,asused
inthisinvestigation,areshowninfigure3. A blinkofsolder
wasattachedtoa fuelnozzleandmaohinedtothedimensionsshown.

Thenozzlewasassembledinthedanetopreventpassageofair
throughtheannulussurroundingthefuelnozzle.

Operation.-Thecmibustoropratingconditionssimulated
engineoperationataltitudeandwereselectedto~ovidea variety
ofinlet-airflowsandInlet-airtemperaturesendpressures.The
specifico~ratingconditionsarelistedinthefollowingtable:

.
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Sinlulat
Lltitude
(ft]

45,000
45,000
30,000
30,000
20,000

Condition

1
2
3
4
5

1operation
!hglnespeed

Ccmibuztor-inletair
mea flw Fressure

(In.Eg abs.)‘apr%me
.

(rPm)
10,000
12,200
13,000
15.000

0.361 9.5 30
.457 12.3 90
.828 26.0 103
1.190 35.0 1542

14;500 I 1.550 46.5 175

Thesequenceoftheoperatingconditionsforthereproducibility
invest~gationwl.thout-thefu;l-nozzleshieldwasasfO11OWS:

Figure NozzleOperating
oonditIon

T1“ 1
2
3
4
5

4(a)

14 b)4 a)
4 a)
4(a)

2
3
4
2
2

5
4
3
2
2

Clean
Untouched
Untouohed
Untouohed
Untouched

.

2 6
7
8
9
10

4(d)
4(0)
4(b)
4(a)
4(a)

clean
Untouohed
Uhtouohed
Untouohed
Cleanedbefore

Thesequenoeoftheoperatingconditionsforthereproducibility
investigationwiththefuel-nozzleshieldwasaafollows:

Run Figure NozzleSeries Operatfng
oondition

5(a)
5(b)
5(a)

u
5d
5b
5(a)

Clean
Untouohsd
Untouohed
Untouched
Untouohed

3 11
12
3.3
14
15
16

2
3
4
5
3
2 Untouohed
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A modfliedandanoriginalfuelnozzlewererunatcondi-
tions1,2,3,and5forthemmbustion-efficiencyinvestigation.

TheoperationoftheccznbustorconsistedInmaintainingthe
deeizwdinlet-airconditionsmnstsntandinvaryingthefuelflow
inordertogivea seriesofpointsaboveraintmum-lean+ntrlnzre
stableoperationor400°F oombustor-outlettaperature,whichwas
thelowerlimitofthetemperature-measuringpotentimueter.The
fuelflowandtmrature measurementswerereoordedforeaoh
point.Thecombustorsssemblywasundisturbedduringanyseries
ofruns.

CMLculathls● -Theccmbustortemperaturerisewaswquted
asthe~f erencebetweentheinlet-airtemperatureandthesrith-
meticaverage& thenineobservedtemperaturesattheccznbuetor-
outletelbow.Althoughthearithmetioaverageoftheobservedtem-
peraturesmaydtiferfranthetrueteqerature,nooorrection
factorswereappliedinasmuohesrelativevalueswereconsidered
satisfactoryforthisinvestigation.

HeatinputinBtuperpoundofairistheproduot& fuel-air
ratioandthelowerheatingvaluec&thefuel.Thelowerheating
value& theAN-F-32fuelusedwas18,550Btuperpound.

CombustionefficiencyIsdefinedas

~b=
aotualenthalpy riseoverconibustor
heatingvalue& fuelsupplied

Theneoessaryvaluesforthecunputationofthetheoreticalcan-
bustionefficienciesof40,60,80,and100peroentforeaohoper-
atIngoonditionwereobtainedfromreference1.

RESUITSANDDISCUSSION

Reproducibilityinvestigateion.-Theexperimentalresults
obtainedforthetwoseriesofrunswtthoutthenozzleshieldare
showninfIgure4 inwhichaverageocmhst.ortemperatureriseis
plottedagainstheatinput.Asshowninthepreoedingtableof
operatingconditionsforthereproducibilityinvestigationwithout
thefuel-nozzleshield,thetwoseriesofrunsdift’erinthe
sequenoeInwhiohtheconditionswererun.Runsfrombothseries
atcondition2 areshowninfigure4(a).Run1,whichwasthe
initialrunofthefirstseries,wasstertedwitha cleanfuel
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nozzle. The mriabhe, whiohproduoedcurvesdfiferingfran run 1,
weretheoperatingcondltionandtimecd’theinterveningorp?e-
oedingruns.Runs1 to4 weremadeonthesamedayandruns5to
10weremadeata laterdate.Theourveforrun9,whiohisinthe
secondseriesofruns,showsa omsiderabledeviationf’runthe
curveofrun1 o-r mostattherangeinvestigated.Afterrauoval
oftheoarbonde~it frm thefuelnozzle,run10praotIcally
duplicatedrun1. Themagnitudeoftheohengeintemperaturerise,
Whichisattributedtofuel-nozzleoarbondeposition,variedwer
therangeofheatinputsinvestigated.Byccqsringrun9with
run10ata heatInputof340Btuperpoundofair, theohangein
temperaturerisewas565°F (46-peroentcombustionefficiency);
ata heatinput& 460Btuperpoundair,theohangewas30°F
(2-peroentoanbustioneffioienoy).

Differentresultswereobtainedfcmthetworunsateaohd
conditions3 and4 asshownbyfigures4(b)end4(c),respectively.
Thesefiguresfurtherillustratetheeffeotthata ahangetipre-
cedingrunsandoperatingtimehaduponthetemperaturerise.The
curvesfortherunsC&oneoftheseriesarenotcomistently
higherthanthecmrvesfortheruns& theotherseriesasshown
byfigures4(a)to4(G).

Therunshowninfigure4(d)wasstartedwitha cleanfuel
nozzle.Thisfigureshowsthatatoperatingoondition5 thecheek
pointsgavea higherteaaperaturerisethantheinitialpoints.
Thisincreaseintemperatureriseisattributedtotheincreasing
depositionof carbononthefuelnozzleduringtherun.Ofthe
fouroperatingconditionsused,temperatureriseIsmostsensitive
tofuel-nozzlecarbondepositionatcondition2 andcondition5 is
mostomducivefordepositingcarbononthefuelnozzle.

Theresultsofa series~ runsmade~th thefuel-nozzle
shieldareshowninfigure5. ThisseriesC&runswasmadeatthe
ssmeoperatingconditionsasthoseusedfortheunshieldedfuel-
nozzleseries.Run11(flg.5(a))wasstartedwith.a cleanfuel
nozzleandduringthesucceedingrunsofthisseriesthenozzle
wasuntouched.Thedata@ run16(fig.5(a)),whiohwasthelast
runofthisseries,areingoodagreementwiththedataofthe
initialrun11. Theinterveningrunsatconditions3,4,and5
apparentlyhadlittleornoeffeotoncombustorperf’omanoe.Good
re~dzoibilityisalEoshowninfigure5(b)fortworunswiththe
fuel-nozzleshieldatcondition3. Theserunsweremadeon differ-
entdaystithinterveningrunsatconditions 4 and5. Theresults
ofrun13atoondition4 areshowninfigure5(c)asa partaPthis
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seriesofrunsforwhichthecombustorwasoperathg for61minutes.
Thedataobtainedatoondition5 ereplottedinfigure5(d).JiI
contrastwiththedataoffigure4(d),thecheekpointsherefall
ontheInitialcurve.Atthecompletionoftheseriesofrunswith
thefuel-nozzleshield,nocerbondepositwasfoundonthefuel
nozzlealthoughsomecarbondepositedonthefaoeofthefuel-
nozzleshield.

At operatingcondition2,thetemperatureriseobtainedwith
a shieldedfuelnozzlewasapproximately20percentloweratlow
heatinputsandwasapproximatelyequalathighheatinputsto
thatobtainedwitha cleanunshieldedfuelnozzle.(Comparerun1,
fig.4(a)withrun11,fig.5(a).) Atcondition5,thetemperature
riseobtainedwitha shieldedfuelnozzlew approximatelyequal
tothatobtainedwitha cleanunshieldedfuelnozzleformostcf
theheat-inputrangeinvestigated.(Cunparerun6,fig.4(d)with
run14,fig.5(d).)

Althoughthereproducibilityofdataforeachshieldedfuel-
nozzleinstallationwasgood,a smallvariationindataoocurred
fordifferentfuelnozzlesorccanbustorassembliesduringpre-
liminarytrials.

Combustor-efficiencyInvestigation.-Infigures6(a)to6(d),
combustor-temperature-risevaluesforthemodifiedfuelnozzleare
comparedwithdataframtheoriginalnozzleatoperatingrend-
itions1,2,3,and5,respectively.Thesefiguresshowthatfora
givenheatinputtheoonibustionefficiencyobtainedwiththemodi-
fiedfuelnozzlewashi@erthroughouttherangeofheatinputs
Investigatedthanthecambustimefficiencyobtainedwiththe
originalfuelnozzleateaohofthefouroperatingconditions.At
eaohoperatingcondition,theconibustlonefficiencyforthemodi-
fiedfuelnozzlewaspracticallyconstantovertherangeofheat
inputsinvestigated;whereas,thecombustionefficiencyforthe
originalfuelnozzlevariedwiththeheatinputorfuelflow.

Themfnimwfuelfbwfor theortginalfuelnozzleatwhich
combustioncouldbemaintainedwas34poundsperhourwithan
efficiencyofapproximately60percent(fig.6(a)).Incontrast,
themodifiedfuelnozzlemaintainedcombustionata fuelflow
16poundsperhourwithanefficiencyof80peroent.Similar
resultsareshownfortheotherthreeoperatingconditionsin
figures6(b)to6(d).A studyoftheseresultssuggeststhat
operationalrangeoftheengineatthealtitudesinvestigated
couldbeextendedinthelowfuel-flowandair-flowregionby
useofthemodifiednozzle.

of-
the

the
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Theincreaseinoombuetioneffioienoy,whiohthecheckpoiqts
C&bothnozzlerunsshowinfigure6(a),q beduetothedep~i-
tionofcarbonduringtherun.

A ocmpositeoffuel-sprayphotographsaPthemcdiftedand
originalfuelnozzlesatfuelflowsintherangeof11.2to
83.0poundsperhourisshowninfigure7. Althou@thesefuel
sprayswereconduotedina quiescentatmosphere,theyserveto
indioatethedifferencesinfuel-spraymnfigurationforthetwo
t~s offuelnozzle.ASthefuelflowratethroughtheori@nal
fuelnozzlewasdeoreasedfran83poundsperhour,theInoluded
angleofthefuel-spr~conedecreaseduntila smallbulbwas
fonnedataflowof24.9pounds&rhour (fig.7(a)).Incon-
traet,figure7(b)showsthatasthefuelflowthroughthemodi-
fiednozzlewasdecreasedfrom83poundsperhour,theinoluded
anglecd’thefuel-sprayconeinoreasedandattainedamaxhunz
valueaP180°ata flowafapproximately20.3poundsperhour.

Relatlngthefuel-sprayccdigurationsfortheoriginalfuel
nozzleasshowninfigure 7(a)withthecombustionefficiencies
atvariousfuelflowsasshowninfigures6(a)to 6(d),would
indloatethattheccunbustionefficiencydecreasedastheincluded
anglecd?thefuel-spqconedecreased,andthatcombustionoeaeed
atfuelfluwethatproduoethebulb-typefuelsprw. A similar
mnparieonforthemodtiiedfuelnozzlesuggeststhatthehQh
oonibustioneffloienoiesobtainedwiththisnozzleatlowfuel
flowsmaybeduetothelargeangleet’thefuel-sprayconemain-
tainingnormaldistributionoffuelintheproximityoftheYuel
nozzle.

Noattemptwasmadetodeterminethereproducibilityof
resultsatthisstage& thefuel-nozzledevelo’pent.

SUMMARYcmmsuLTs

Thefollowingresultswereobtainedona singletubular-t~e,
reverse-flow,turbojetcombustoroperatingatinlet-airconditions
correspondingtoenengineoperatingintherangeofaltitudesfran
20,000to45,000feetandIntherangecd’enginespeedsfran10,000
to15,000rpm.

ReproducibilityInvestigation

1.Ataninlet-airconditionsimulatinganaltitudeof
45,000feetandanenginespeedof12,200zqmata givenfuel
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inputthecombustor-outlettemperatureobtainedalterthefuelnoz-
zleaccumulateda depositofcarbonwashigherthanthatobtained.
witha cleanfuelnozzle. This inoreaseIntemperaturevariedfrom
565°F (46-percentcombustionefficiency)atlowheatinputs(fuel
flows)to300F (2-percentcombustionefficiency)athighheat
inputs.Removalofthecarbondepositfrm thefuelnozzleper-
mittedreproductionoftheoriginalclean-fuel-nozzlecombustor-
outlettemperature.

2.Shieldingthefuel-nozzlebodyfromthecombustionzone
preventedthedepositionofcsrbononthefuelnozzleattheoondl-
tionsinvestigated.andimprovedthereproducibilityofcombustor-
outlettemperaturedata.

3.Thetemperaturerise(frominlettooutletofthecombustion
chamber)obtainedwitha shieldedfuelnozzlewasapproximately
20percentlower
highheatinputs

1.h order

at
to

to

lowheat inputsandwaeapprox=tely equalat
thatobtainedwitha clemunshieldednozzle.

lKficiencyEmestigatfon

simulatethedepositionof carbon,the design
c&theoriginal fuel nozzlewasmodfiiedto includea divergent
section at the exit & the fuel or~ice. Thecombustionefficiency
obtainedtith the modifiedfuel nozzleweshigherthroughoutthe
rangeofheatinputsinvesti~tedthenthecombustionefficiency
obtainedwiththeoriginalfuelnozzleateachofthefouroper-
atingconditionsused.

2.Ateachoperatingcondition,the combustionefficlenoyfor
themodifiedfuel nozzlewaspractically constantovertherangeof
fuelfluws investigated;whereas,the cmbustionefficiency for the
originalfuelnozzlevsxiedwiththefuelflow.

3.Atan inlet-air conditioncorrespondingto an engineoper-
atingatanaltitudeof45,000feetandanenginespeedof
10,000rpn,themodifiedfuelnozzlemaintainedcombustionwith
anefficiencyof80percentatafuelflowof16poundsperhour.
Incontrast,theminimumfuelflowatwhichtheoriginalfuel
nozzlemaintainedcombustionwas34poundsperhourwithaneffi-
ciencyofapproximately60percent.

Flight~opulsion ResearchLaboratory,
NationalAdvisoryCommitteefor AeronautlcE,

Cleveland,Ohio,March10, 1948.
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eombustorwithoutfuel-aozzleshield.
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